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INTRODUCTION 
Metal matrix composites (MMCs) are going to be used for structural 
components or functional parts which require high specific stiffness and strength at 
elevated temperature. In particular, MMCs reinforced with particulates, whiskers and 
short fibers have the merit that they are manufactured by similar processes for common 
metals. This kind of MMCs are, of course, more expensive than common metals. 
Therefore, MMC parts should be designed so as to make full use of its anisotropic 
stiffness and strength. Thus, the stresses in the parts should be analyzed by FEM or 
BEM. Even to analyze those elastic behavior, we must know all components of the 
anisotropic elastic constants of MMC. 
It is, however, extremely difficult to determine all of these anisotropic elastic 
constants by the conventional tensile test. If we use the normal incidence ultrasonic 
method [1], we must cut out small specimens of specific orientation with respect to the 
principal axes of the anisotropy. In contrast, the water immersion, inclined incident 
method [2, 3] allows us to measure those stiffness truly nondestructively. 
This paper describes the ultrasonic method and the results of identification of 
the anisotropic elastic stiffness of aluminum composites reinforced with short fibers [4], 
which are oriented either nearly unidirectionally or in-plane randomly. The measured 
results are compared with those obtained by 4-point bending test and some theoretical 
models. 
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Figure 1. Coordinate system for composites reinforced with short fiber. 
WAVE VELOCITIES AS FUNCTION OF ELASTIC STIFFNESS 
The MMCs to be studied in this paper are modeled by transversely isotropic 
medium whose elastic property is symmetric about the axis X3, as shown in Fig.1. The 
transversely isotropic elastic stiffness tensor in abbreviated notation 
Cll Cl2 Cl3 0 0 0 
Cl2 Cll C13 0 0 0 
Cl3 Cl3 C33 0 0 0 
Ctj= (1) 
0 0 0 C44 0 0 
0 0 0 0 C44 0 
0 0 0 0 0 C66 
has 5 independent components, because of C66=(Cl1-Cl~/2. 
The velocities of a plane wave of which unit normal and polarization vectors are 
directed in ni and Pi are given by Christoffel's equations 
(2) 
where Cijld, P and v denote elastic stiffness, density and velocity, respectively. 
For the unidirectionally reinforced composite, C22, C66 and C44 arc determined by 
the velocities of longitudinal and transverse waves propagating in x2 direction, namely 
For the randomly reinforced composite, C33 and C44 are given by a similar 
relation as Eq.(3) with velocities of the waves propagating along the axis x3• 
(3) 
Other stiffness of the unidirectionally reinforced composite are determined with 
the quasi-longitudinal and quasi-transverse wave velocities which propagate along the 
direction of Jt/2-(} with respect to the fiber direction within the X2-X3 plane 
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2py'l=A±VB2-C 
A =Cllcos26+C33sin26+C44 
B=(Cll-C.w>sin26+(C44-C33)cos2e 
C=(C13 +C.w>2sin~6 
PHASE VELOCITY MEASUREMENT BY THE DOUBLE TRANSMISSION 
METHOD 
(4) 
The phase velocity of the quasi-transverse wave is calculated by measuring the 
time-of-flight of the ultrasonic wave travelling between the transducer and the reflector 
with or without a composite specimen in the path, as shown in Fig. 2. The detailed 
theory has been developed by Rokhlin and Wang [3], therefore only the final result is 
quoted here. 
(5) 
where Vo' h and 0i denote the sound velocity in water, specimen thickness and incident 
angle, respectively. The angle of refraction is given by 
v (e,.)sine. () =arcsin( P ') 
r Vo 
(6) 
EXPERIMENTAL METHOD 
Composite Specimen 
The aluminum composites have been produced by squeeze casting. The 
preforms of alumina short fibers, whose properties are shown in Table 1, were made by 
t (8;) T/R 
............................................ f 
Reflector Ref lector 
Figure 2. Double transmission method. 
to 
hcas(6, - 6.) 
cas6, 
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Table 1. Property of alumina fibers 
Composite AlP3:95%, Si02:5% 
Average Diameter 3/lm 
Average Length 200/lm 
Density 3300Kg/m3 
Young's Modulus 300GPa 
Tensile Strength 2GPa 
(a) Aligned fibers (b) In-plane random fibers 
Figure 3. Micrograph of composite reinforced with short fibers. 
the electrostatic method [4]. The matrix was 99.9% pure aluminum. The casted 
composites were disks of thickness 8mm and diameter 6Omm, where short fibers were 
aligned parallel to the disk plane. Figure 3 shows the micrographs of unidirectionally 
and randomly reinforced composites, respectively. In Fig.3(a) most fibers are aligned, 
however, some show misorientation and curved shape. In contrast, short fibers in 
Fig.3(b) are distributed randomly in the X1-X2 plane. 
Measurement of Time-of-Flight 
The schematic diagram of the time-of-flight measurement system is shown in 
Fig.4. The detail of this digital measurement system is described elsewhere in this 
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Figure 4. Digital measurement system of time-of-flight 
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Figure 5. Apparatus for double transmission method 
volume [5]. For the direct contact, normal incident measurement, the zero-crossing 
method was applied for the B1 and B2 echo train which were accumulated 100 times. 
The apparatus used for the double transmission measurement is shown in Fig.5. The 
transducer was mounted on the swivel table driven by two pulse motors. The 
composite specimen was mounted on the specimen rotating table. All of these 
components were immersed in water, of which temperature was controlled within 
±0.02K. The time-of-flight of the ultrasonic wave traveling between the transducer 
and reflector was measured by the zero-crossing method for the first echo from 
thereflector, which was accumulated 100 times. Thus obtained velocity is dependent 
on the incident angle as shown by Eq.(5), therefore, the unknown components of the 
elastic stiffness were estimated by a nonlinear least square method [6]. 
RESULTS AND DISCUSSION 
Wave velocity 
Table 2 shows the velocities of longitudinal and transverse wave which 
propagate in the x2 direction of the unidirectionally reinforced composite and in the X3 
direction of the randomly reinforced one. The number following * denotes the 
Table 2. Velocity measured by normal incident method. 
Fiber Vf Type Plane 
(%) 1 2 3 45" 
V~ 6878 6875 7241 7069 
Aligned 27 Vr 3488 *2 3483 *1 3571 *1 3696 *2-3 
VT 3578 *3 3548 *3 3535 *2 
VI 6721 6711 6656 
Random 15 VT 3417 *2 3435 *1 3380 *1 3411 *2-3 
VT 3363 *3 3376 *3 3377 *2 
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Figure 6. Dependence of quasi-transverse wave velocity on refraction angle. 
polarization direction. The variation of measured velocity at the same point was less 
than Im/s, however, it attained 20m/s for different points. This could be attributed to 
the local fluctuation of the fiber volume fraction and misorientation of fibers. 
For the randomly reinforced composite, the longitudinal velocity propagating in 
the direction of stacking appears lowest. 
Figure 6 shows the change in the quasi-transverse velocity, QTV, on the 
refraction angle. The curves denote the velocities evaluated by Eq.(4) with the elastic 
stiffness which were estimated by a nonlinear least square method. The 
measuredvelocity and estimated one agree very well. In addition, we confirm the 
measurement error of the QTV is less than 2m/s, or 0.06% of the velocity, from 
Fig.6(b). 
Elastic Stiffness and Constants 
The values of elastic stiffness estimated by Eqs.(3) and (4) as well as measured 
wave velocities are listed in Table 3 for the unidirectionally reinforced composite. The 
values with * were determined by the nonlinear least square method. The 
corresponding engineering elastic constants are shown in Table 4. From this tables, 
we notice that Young's modulus in the fiber direction is most sensitive to the fiber 
Table 3. Estimated elastic stiffness of unidirectionally reinforced composite (GPa). 
V!..%) CII C33 C44 C12 C!3 
27 136 139* 35.9 65.4 58.4* 
19 127 131 * 32.9 62.4 58.0* 
18 126 129* 32.2 62.6 59.6* 
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Table 4. Engineering elastic constants of unidirectionally reinforced composite(GPa). 
vt.%) EI E3 G12 G!3 V I2 v!3 
27 96.0 lOS 3S.1 3S.9 0.368 0.291 
19 88.S 9S.6 32.5 32.9 0.361 0.306 
18 86.0 91.3 31.7 32.2 0.3S6 0.316 
volume fraction. Shear modulus in the fiber direction is a little higher than the other. 
DISCUSSION 
Comparison with the Result of 4-point Bending Test 
4-point bending tests of unidirectionally reinforced composite were performed 
with small specimens of 8xSxSOmm. The length of uniform bending was 14mm. The 
strain gages of Smm length were cemented on the upper and lower surfaces at the 
middle portion of the specimen length. Thus measured Young's moduli parallel and 
perpendicular to the fiber direction are plotted in Fig.7 with those measured by the 
ultrasonic method. The difference between them is less than a few percent, therefore, 
the immersion ultrasonic double transmission method can replace destructive tests. 
Comparison with Some Theoretical Estimation 
The straight lines in Fig.7 denote the Young's moduli along the fiber direction 
of the unidirectionally reinforced composite given by the following simple models: 
A) Law of mixture 
B) Shear-lag model by Cox [7] 
E (E E )[1 tanh(~1"2)]+E 
L =v, '1- m ~1,/2 m 
2 4Gm ~ 2 (EF Em) r,ln(l/v,) 
C) Modified shear-lag model by Fukuda and Kawata [8] 
EL =RoCaEl,+(1-v,)Em 
Ro=R(Vs), Vs = I,E,/(2r ~m) 
C a ocmisorientaion of fiber 
(7) 
(8) 
(9) 
where, the subscript f and m denote the fiber and matrix, L does the longitudinal 
direction of fibers, If and rf are the length and radius of short fibers. In Eq.(9), Ro takes 
0.84 because of y'=16 and Ca has 0.88 due to misorientation of fibers[4]. 
The law of mixture, which ignores finiteness of fibers, gives much higher 
modulus. The Cox model, which ignores misorientation, also gives higher modulus 
than the measured. Fukuda and Kawata's model, which takes account of the aspect 
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Figure 7. Young's modulus as function of fiber volume fraction. 
ratio of fibers as well as misorientation, is nearer to the measured among three models 
and expresses well the dependence of EJ on vt The reason why this model gives 
higher modulus than the measured is that the short fibers are misoriented in out-of-
plane direction as well as in-plane and are not always straight. 
CONCLUSION 
The anisotropic elastic constants of aluminum composite reinforced with short 
fibers have been identified with the normal incidence and double transmission 
ultrasonic methods. The validity has confirmed by 4 point bending tests. The 
modified shear-lag model that takes account of misorientation of the short fibers gives 
good estimation of Young's modulus in the fiber direction. 
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